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We characterized and compared the ﬂuorescence properties of various well-deﬁned G-quadruplex
structures. The increase of intrinsic ﬂuorescence of G-rich DNA sequences when they form G-
quadruplexes can be used to monitor the folding and unfolding of G-quadruplexes as a function
of cations and temperature. The temperature-dependent ﬂuorescence spectra of different G-
quadruplexes also exhibit characteristic patterns. Thus, the stability and possibly also the structure
of G-quadruplexes can be characterized and distinguished by their intrinsic ﬂuorescence spectra.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction resonance energy transfer (FRET) in the ensemble [21,22] and atGuanine-rich DNA and RNA sequences can form four-stranded
helical structures called G-quadruplexes based on stacking of
GGGG tetrads [1–3]. G-quadruplexes formed by natural DNA
sequences in the telomeres and oncogenic promoters and by RNA
sequences in the 50 untranslated region (50UTR) of oncogenic tran-
scripts have been established as attractive anticancer targets [2,4].
On the other hand, engineered G-quadruplexes can have potential
applications ranging from medicine to supramolecular chemistry
and nanotechnology [1].
G-quadruplex structures are highly polymorphic [1–3]. They
give rise to speciﬁc spectroscopic signatures in IR [5], UV-absorp-
tion thermal difference spectra (TDS) [6,7], CD [8], Raman [9],
and NMR [10] spectroscopy. The intrinsic ﬂuorescence yield of
DNA is very low [11–14] as it corresponds to quantum yields of
the order of u  104, and the detection of DNA usually relies on
targeting DNA selectively with ﬂuorescent dyes [15]. This approach
has been used also in search of selective quadruplex binders [16–
18]. In analogy to molecular beacons as ﬂuorescent probes in
DNA conformational analysis [19], G-quadruplex formation has
been followed by pyrene excimer emission [20] and ﬂuorescencechemical Societies. Published by E
ar magnetic resonance; CD,
rence spectra
d Applied Physics, School of
logical University, Singapore.
.-E. Michel-Beyerle), phan-the single-molecule level [23–25]. In both cases the ﬂuorescent
reporters were attached at the termini of DNA sequences. Recently,
the detection of G-quadruplex formation using an internal guanine
derivative as a ﬂuorescent probe has been reported [26–28]. How-
ever, all these strategies involving exogenous ﬂuorophores might
affect the G-quadruplex structure [29].
In recent reports [13,14], it has been pointed out that DNA G-
quadruplexes have higher intrinsic ﬂuorescence quantum yields
than their less-structured counterparts. This notionhas been further
substantiated by large amplitude, long lifetime components of ex-
cited states [14]. Here we conﬁrm these ﬂuorescence properties
and focus on the structural aspects of various well-deﬁned G-quad-
ruplexes structures. For all the sequences used in this study, we ver-
iﬁed the formation and the structure of G-quadruplexes using NMR,
UV absorption and CD spectroscopy [6–8,10]. Using similar DNA
concentrations as for UV absorption or CD spectroscopy, we show
that the formation of G-quadruplexes as a function of cations and
temperature can be followed by their ﬂuorescence and ﬂuorescence
excitation spectra. These features are shown to discriminate, for
example, between G-quadruplex and Z-DNA structures.
2. Materials and methods
2.1. Sample preparation
DNA oligonucleotides (Table S1) were chemically synthesized
on an ABI 394 DNA/RNA synthesizer and puriﬁed as previouslylsevier B.V. All rights reserved.
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tion containing the respective salt and against water. DNA concen-
tration was expressed in strand molarity using nearest-neighbor
approximation for the absorption coefﬁcients of the unfolded spe-
cies [31].
2.2. NMR spectroscopy
NMR experiments were performed on 600 or 700 MHz Bruker
spectrometers at 25 C. Proton spectra in H2O were recorded using
JR-type pulse sequences for water signal suppression [32,33]. The
DNA concentration in NMR samples was typically 0.02–0.5 mM
and the aqueous solution contained 10% D2O.
2.3. Steady-state optical spectroscopy
2.3.1. Absorption spectroscopy
UV absorption measurements were performed at 20 C using a
quartz cuvette with an optical pathlength of 1 cm. The DNA con-
centration was 5  105 M per base, unless stated otherwise.
UV absorbance was measured using a Varian CARY-300 spectro-
photometer. Melting experiments performed on the same instru-
ment monitored the absorption at 295 nm (for G-quadruplex
forming sequences) as a function of temperature [6]. Samples were
covered with approximately 100 ll of parafﬁn oil to prevent water
evaporation. They were equilibrated at 90 C for 10 min, then
cooled to 20 C and heated to 90 C twice consecutively at a rateFig. 1. NMR and optical spectra of the human telomeric d[TT(GGGTTA)3GGGA] sequence
buffer, pH 6.8 (red), after addition of 5 mM LiCl (green), and after further addition of 5 m
buffer. (A) Absorption spectra (in OD). (B) Imino proton NMR spectra (normalized to suga
of HT (kexc = 260 nm). (D0) Fluorescence spectra D upon subtraction of the Tris-buffer
respective ﬂuorescence excitation spectra monitored at 330 nm, with the 295-nm peak
recorded at 20 C. The DNA concentration was 5  105 M per base in ﬂuorescence anof 0.2 C per minute. Data were collected every 1.2 C during both
cooling and heating processes.
2.3.2. Fluorescence spectroscopy
Fluorescence and excitation spectra were recorded on a Jobin-
Yvon-Spex Fluorolog 3-11 ﬂuorometer using an optical pathlength
of 1 cm in a right angle geometry. All spectra are scanned with an
integration time of 0.5 s, an excitation and emission slit width of
4 nm, and step size of 1 nm. The instrument-speciﬁc photomulti-
plier tube correction ﬁle supplied by the manufacturer was applied
to all spectra. Temperature-dependent ﬂuorescence spectra were
acquired either on the Fluorolog 3-11 or on PTI Quanta Master 4
using the same experimental conditions. Temperature control
was achieved either by an external circulating water bath NESLAB
RTE attached to the sample compartment (PTI Quanta Master 4) or
by a Peltier device (Fluorolog 3-11). Samples were covered with
approximately 100 ll of parafﬁn oil to prevent water evaporation.
The heating and cooling rates were 2 C per minute. The DNA
concentration was 5  105 M per base (or 2–4 lM in strand),
unless stated otherwise.
2.3.3. Correction of ﬂuorescence and ﬂuorescence excitation spectra
In case the optical density exceeds 0.07 at both the excitation
and the ﬂuorescence wavelength, ODexc and ODem, the excitation
and the emission intensities are attenuated by 100.5 OD(exc) and
100.5 OD(em) respectively. The corrected ﬂuorescence intensity is
given approximately [34] by(HT). Spectra of HT in different solutions are color-coded as follows: 5 mM Tris–HCl
M KCl (blue). The black dashed curve shows the ﬂuorescence of the bare Tris–HCl
r and aromatic protons). (C) The schematic structure of HT. (D) Fluorescence spectra
emission. (D00) Fluorescence spectra D0 upon IFE correction. (E, E0 , and E00) are the
in E being the Raman signal of water. Fluorescence and absorption spectra were
d UV absorption measurements and 1  102 M per base in NMR experiments.
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accounting for both, the Inner Filter Effect (IFE) and ﬂuorescence
reabsorption.
2.3.4. Fluorescence quantum yield measurements
The quantum yield in bare Tris–HCl buffer (pH 6.8) and in the
presence of K+ was measured by using 20-deoxyguanosine 50-
monophosphate (dGMP) as the reference [34,35]. DNA samples of
various concentrations (OD = 0.01–0.1) were used for measure-
ments. The solvent was either deionized water containing 5 mM
Tris–HCl buffer only or 5 mM Tris–HCl buffer supplemented with
5 mM KCl. Absorption and ﬂuorescence spectra were recorded
using a 1-cm-pathlength cuvette. For ﬂuorescence measurements,
samples were excited at 265 nm to match the condition reported in
Ref. [35]. The background spectra of the solvent were subtracted
from the respective spectra of the samples. The quantum yield
was determined using the equation Q = QR (a/aR), where Q and QR
are the quantum yields of the sample and reference, respectively
while a and aR are the slopes of the integrated ﬂuorescence inten-
sity-vs-absorbance for the sample and reference, respectively. For
simplicity, we considered the solvent refractive index for the sam-
ple (5 mM Tris–HCl buffer) and for the reference (deionized water)
to be similar.
2.4. Time-resolved ﬂuorescence measurements
The ﬂuorescence decay at 330 nm was measured using a time-
correlated single photon counting (TCSPC) set-up from PicoQuant.
The output of a Titan:Sapphire Laser (780 –1000 nm, 80 MHz,
100 fs) was frequency tripled (THG) to obtain a 260-nm excitation
and focused onto the sample (peak intensity, 2 kWcm2). A portion
of the excitation light was used as the start signal for the measure-
ment cycle controlled by histogram accumulating real-time pro-
cessor (PicoHarp 300). The spectrometer FluoTime 200 with
wavelength resolution of 1 nm or better was used to collect the
ﬂuorescence signal. This signal was then recorded by a Multi-Chan-
nel-Plate Photomultiplier Tube (MCP-PMT) with an overall IRF
(Instrument Response Function) FWHM of 30 ps. The ﬂuorescence
decays were ﬁtted using the convolution of the IRF and the multi-
exponential decay function with lifetimes si with i 6 3:
IðtÞ ¼
Z t
1
IRFðt0Þ
Xn
i¼1
Aie
tt0
si dt0 ð2Þ
by deconvoluting the recorded signal I(t) (software FluoFit) a
time resolution of 15 ps can be achieved.Fig. 2. Comparison between the normalized absorption (continuous line) and the
normalized ﬂuorescence excitation (dashed line) spectra of HT in Tris–HCl buffer
and in the presence of different cations, Li+ and K+: (A) in 5 mM Tris–HCl buffer, pH
6.8; (B) after addition of 5 mM LiCl; (C) after further addition of 5 mM KCl.3. Results and discussion
3.1. Following cation-dependent G-quadruplex formation of human
telomeric sequence
Fig. 1(A–E) shows a compilation of structural and spectroscopic
data which are representative of unfolded and folded structures of
the 24-nt human telomeric sequence d[TT(GGGTTA)3GGGA]
(henceforth termed HT). At room temperature, NMR imino protons
at 10–12 ppm were observed for HT in K+ solution, but not in Li+
solution (Fig. 1B), indicating G-quadruplex formation of this se-
quence in K+ solution (Fig. 1C), but not in Li+ solution. The NMR
spectrum observed here in K+ solution was similar to the one re-
ported previously [36], in which this human telomeric sequence
has been determined to form a (3+1) G-quadruplex (Fig. 1C).
Fig. 1A displays the absorption spectra of HT recorded in differ-
ent solutions: 5 mM Tris–HCl buffer, pH 6.8 (red), after addition of5 mM LiCl (green), and after further addition of 5 mM KCl (blue).
The difference between these absorption spectra (Fig. S1) indica-
tive of G-quadruplex formation in the presence of K+ is closely re-
lated to the absorption thermal difference spectra (TDS) reported
in Ref. [7].
Fig. 1D shows the corresponding ﬂuorescence spectra of HT upon
excitation at 260 nm. The ﬂuorescence spectra of this sequence in
Table 1
Quantum yields of G-rich sequences in different buffer solutions.
Sequence Solvent Excitation wavelength (nm) Quantum yield  104 Reference
HT 5 mM Tris–HCl (pH 6.8) 265 1.4 ± 0.1 This work
HT 5 mM Tris–HCl (pH 6.8), 5 mM KCl 265 3.5 ± 0.1 This work
GpG Phosphate (pH 7) 248 1.3 [45]
polyG Phosphate (pH 7) 248 4.7 [45]
G9 10 mM potassium phosphate (pH 7.2), 50 mM KCl 275.5 2.39 [13]
G-wires 30 mM sodium phosphate (pH 7.4), 100 mM NaCl 265 9.5 ± 0.1 [35]
Fig. 3. Fluorescence decay of HT excited at 260 nm and probed at 330 nm in
different solutions as encoded in Fig. 1. The instrument response function (IRF) of
the (TCSPC) set-up was measured using the Raman emission of water at 285 nm.
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imposed. Further addition of 5 mM KCl leads to the development
of a broad unstructured ﬂuorescence band peaking between 330
and 340 nm as reported before [13,14,37]. As a G-quadruplex struc-
ture of HT was detected by NMR only in K+ solution, but not in Li+
solution [36], we assign this ﬂuorescence band to G-quadruplex for-
mation. It should be noted that the added volumes of LiCl and KCl
from high-concentration stocks are small, resulting in a minute
change (<0.5%) in sample volume and thus in DNA concentration.
The ﬂuorescence spectra of samples obtained by adding K+ to the
Li+ solution are similar to those containing only K+ (Fig. S2), consis-
tent with the notion that speciﬁc cations (but not simply the ionic
strength) are responsible for the G-quadruplex formation. Similar
results were also obtained upon excitation in the blue and the red
wings of the absorption spectrum (Fig. S3).
Fig. 1E shows an increasing amplitude of an extremely broad
and unstructured excitation spectrum, probing the ﬂuorescence
at its maximum (340 nm) in K+ solution. This characteristic in-
crease was only observed upon addition of K+ ions, but not Li+ ions.
Similar results were obtained, when the ﬂuorescence excitation
was probed in the blue and red wings of the ﬂuorescence band
(Fig. S4).Table 2
Fitting parameters of the ﬂuorescence decay of HT sequence in Tris–HCl buffer before and
Buffer kem[nm] A1 s1
[ns]
Fract. int.
[%]
Fract.amp.[%] A2 s2[ns] Fract
[%]
Li+ 330 27 3.5 1.4 <0.1 47 0.45 0.3
K+ 330 37 1.1 4.3 <0.1 2636 0.05 13.4Since the ﬂuorescence measurements depicted in the spectra D
and E were performed on samples with a large optical density
(OD = 0.5), the resulting spectra have to be corrected for emission
losses caused by the Inner Filter Effect (IFE). Due to the negligible
overlap of absorption and ﬂuorescence spectra, corrections for
reabsorption of ﬂuorescence are minimal and were neglected.
Fluorescence and excitation spectra were corrected in two consec-
utive steps: (i) Subtraction of the background emission of the pure
Tris–HCl buffer from the measured ﬂuorescence and ﬂuorescence
excitation spectra, D and E, yielding now D0 and E0. (ii) Subse-
quently, the spectra D0 and E0 were corrected for IFE using the
approximate Eq. (1). The corrected ﬂuorescence and excitation
spectra are shown in Fig. 1 as D00 and E00.
The consequences of correcting the observed spectra D and E
are twofold (i) The corrected ﬂuorescence spectra display an in-
crease of amplitude by approximately a factor of two maintaining
otherwise the spectral envelope. We note in passing that the IFE
corrected ﬂuorescence spectrum D00 still shows a small-amplitude
offset-emission in the 450–500 nm range. This unknown emission
also reported in the literature, e.g. Ref. [14], responds to a broad
excitation band peaking around 325 nm (Fig. S5) that is well be-
yond the measurable absorption of DNA. At shorter wavelengths,
the excitation spectrum follows the absorption contours of DNA.
(ii) Apart from a signiﬁcant increase of amplitude, the IFE-cor-
rected ﬂuorescence excitation spectra follow now the absorption
spectra as shown in Fig. 2. The similarity between absorption
and ﬂuorescence excitation spectra underlines the notion that
the origin of the ﬂuorescence band peaking around 330–340 nm
is indeed absorption of DNA rather than of a photodegradation
product.
3.2. Fluorescence quantum yield of human telomeric sequence
Using the reported quantum yield reference (1.3 ± 0.1)  104
of dGMP [35], the plots of the integrated ﬂuorescence intensity
vs. absorbance (Fig. S6) allowed us to estimate the quantum yield
of HT in bare Tris–HCl buffer and in the presence 5 mM K+, being
(1.4 ± 0.1)  104 and (3.5 ± 0.1)  104, respectively. Thus, the
quantum yield of HT in bare Tris–HCl buffer was similar to that
of dGMP, whereas a 2.7-fold increase in quantum yield was ob-
served when HT formed a G-quadruplex structure in the presence
of K+. The quantum yield obtained here for the HT G-quadruplex is
within the limits of the previously reported values ranging from
2.4 to 9.5  104 (Table 1). The spread of these values may be
due to differences in G-quadruplex structures, as well as other
experimental conditions.after adding different cations.
.int. Fract.amp.[%] A3 s3
[ns]
Fract.int.
[%]
Fract.amp.[%] v2
<0.1 6594000 60.01 98.3 100.0 1.081
1.7 149980 60.01 83.3 98.3 1.119
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The excited-state dynamics of theHT sequence in the presence of
Li+ andK+ ions has been probed using time-correlated single-photonFig. 4. (A) Temperature dependence of ﬂuorescence spectra of HT in 5 mM Tris–HCl
buffer (pH 6.8) supplemented with 5 mM KCl upon excitation at 260 nm. Only the
cooling process is shown. (B) 330-nm Peak intensity of ﬂuorescence in the presence
of 5 and 90 mM K+ as a function of temperature. (C) Temperature dependence of the
excitation intensity at 260 nm, probed at the 330-nm peak ﬂuorescence of HT in 5
and 90 mM K+. Full (empty) circles represent the cooling (heating) processes in
5 mM K+ solution. Full (empty) triangles represent the cooling (heating) processes
in 90 mM K+ solution. The DNA concentration was 5  105 M per base.counting (TCSPC), a techniquewhich favorsminimal photodegrada-
tionofDNAdue to the lowoverall dosis of photons. Asmost of theHT
ﬂuorescence, excited at 260 nm and probed in the 330–340 nm
range, decays on the time scale of the IRF of the TCSPC system, the
ultrafast timecomponents cannotbe resolvedandare therefore sub-
sumed within the limiting resolution of 15 ps. Nevertheless, the
temporal ﬂuorescence proﬁles shown in Fig. 3 point to a slightly
slower ﬂuorescence decay in the presence of K+, than in the presence
of Li+. These qualitative results are consistent with previous reports
of the excited-state dynamics of single- and double-stranded DNA
[12,37–39], G-rich sequence [12,38] aswell as G-quadruplexes [14].
The essential difference between the three-exponential ﬁt
parameters (Table 2) for the ﬂuorescence decay of HT in Li+ and
K+ solutions is the observation of a 50 ps component with a small
fractional amplitude of 2% in the case of K+ as compared to Li+
which shows only an ultrafast decay. Concomitantly, the fractional
amplitudes of the ultrafast components (<15 ps) are 98% in K+ as
compared to 100% in Li+ solution. We time-resolved also the ﬂuo-
rescence offset in the 450–500 nm region of the steady-state ﬂuo-
rescence spectra D00 in Fig. 1. In contrast to the decay pattern
probed at 330 nm, the decay of this background emission in the
450–500 nm is dominated by 2 ns and 500 ps components
(Fig. S5). In principle, the origin of this emission might be one or
more impurities at low concentration showing up only due to a
favorable combination of extinction coefﬁcient and excited state
lifetimes. However, since the excitation spectrum of this emission
at shorter wavelengths follows the absorption spectrum of HT
(Fig. S5), low-lying excited states of DNA might well be involved.
For example, already in 1960, n–p⁄ transitions have been proposed
to exist at the low-energy side of the strong 260-nm p–p⁄ absorp-
tion band of DNA [40]. Based on electroabsorption spectra the low-
energy absorption in the 300-nm region of single-stranded polynu-
cleotides in water/glycerol mixtures has been explained by interac-
tion of n–p⁄ and p–p⁄ transitions of neighboring bases [41]. Most
recently, the weak absorption tail beyond 300 nm observed for
DNA single- and double-strands has been attributed to charge-
transfer states that are strongly stabilized in aqueous solution [42].
3.4. Following temperature-dependent G-quadruplex formation of
human telomeric sequence
As the formation of G-quadruplexes results in increasing ampli-
tude of the ﬂuorescence, we followed the folding and unfolding of
the HT quadruplex by measuring the temperature dependent spec-
tra (Fig. 4A) and plotting the amplitudes of the 330-nm ﬂuores-
cence vs. temperature as displayed in Fig. 4B. As expected, a
similar temperature dependence was observed for the 260-nm
ﬂuorescence excitation signals (Fig. 4C). Contributions from tem-
perature-dependent pH-sensitivity of the Tris-buffer can be ig-
nored since similar ﬂuorescence melting results were obtained in
Tris–HCl and cacodylate buffer (Fig. S7). These measurements,
performed at low (5 mM) and high (90 mM) K+ concentration,
illustrate the role of K+ concentration on the stability of the
G-quadruplex. We emphasize that both, the data of the cooling
and heating processes are fully reversible and well-superimposed
(Fig. 4). The thermal reversibility of the drastic changes in the ﬂuo-
rescence amplitudes rules out signiﬁcant contributions from
photoproducts accumulating under the experimental conditions
of our measurements. The melting characteristics shown in
Fig. 4(B and C) are consistent with the ones recorded in UV absorp-
tion at 295 nm (Fig. S8), with the melting temperature (Tm) being
50 ± 5 and 60 ± 5 C for HT at low and high K+ concentration. In
contrast to UV melting curves resting on the loss of the 295-nm
hyperchromicity of DNA G-quadruplexes upon unfolding, the melt-
ing curves displayed in Fig. 4B and C, are attributed to the decrease
of excited state lifetimes upon G-quadruplex unfolding at high
Fig. 5. A-C: Temperature-dependent ﬂuorescence spectra (shown for the cooling process) upon 260-nm excitation of the Oxytricha telomeric d(GGGGTTTTGGGG) sequence in
different solutions containing 90 mM of (A) K+, (B) Na+, and (C) Li+ at a DNA concentration of 5  105 M per base. (A0 , B0) Schematic structure of G-quadruplexes and (A00–C00)
imino proton NMR spectra of Oxytricha telomeric d(GGGGTTTTGGGG) sequence in (A00) K+, (B00) Na+, and (C00) Li+ solution. Loops are colored red; anti and syn guanines are
colored cyan and magenta, respectively.
3974 N.T. Dao et al. / FEBS Letters 585 (2011) 3969–3977temperature. Detailed studies on temperature-dependent excited
state dynamics of DNA structures in different environments are
in progress.
3.5. Following G-quadruplex formation of Oxytricha telomeric
sequence: effect of cation
In order to ﬁnd out whether the ﬂuorescence spectra depend on
the nature of the cations K+ and Na+ in a case where the quadruplex
folding is not dependent on the nature of these cations, we recorded
temperature-dependent ﬂuorescence spectra of the Oxytrichatelomeric d(GGGGTTTTGGGG) sequence in K+, Na+ and Li+ solutions
(Fig. 5A–C). Here, the formation of the same dimeric basket-type G-
quadruplex fold in K+ and inNa+ solution (Fig. 5A0, B0)was veriﬁed by
NMR imino proton spectra (Fig. 5A00, B00), in accordance with the
respectiveNMRspectra reportedpreviously [43]. Fluorescence spec-
tra of d(GGGGTTTTGGGG) in K+ solution (Fig. 5A) and inNa+ solution
(Fig. 5B) are similar, with the latter being only slightly broader
and red-shifted as compared to the former. For the sample in K+
solution, the 330-nm ﬂuorescence peak was still observed at 90 C,
suggesting the formation of residual higher-order G-quadruplex
structures stable at high temperature. Fluorescence spectra of
Fig. 6. A-C: Temperature-dependent ﬂuorescence spectra (shown for the cooling process) upon 260-nm excitation of Giardia telomeric sequences in three forms: the natural
form, d(TAGGG)4, and the modiﬁed Forms 1, d(TAGGGTAGGGTAGGGTAIGG), and 2, d(TAGGGTAGGGTGGGTAGGG), all in 90 mM K+ at a DNA concentration of 5  105 M
per base. (A0-C0) Schematic structures and (A00–C00) imino proton NMR spectra of G-quadruplexes. (A0 , A00) natural d(TAGGG)4 sequence; (B0 , B00) Form 1, and (C0 , C00) Form 2.
Loops are colored as in Fig. 5.
N.T. Dao et al. / FEBS Letters 585 (2011) 3969–3977 3975d(GGGGTTTTGGGG) in Li+ solution indicated the lack of G-quadru-
plex formation (Fig. 5C), consistent with the absence of signiﬁcant
imino proton peaks in the NMR spectrum (Fig. 5C00).
3.6. Following G-quadruplex formation of Giardia telomeric sequence:
effect of folding topology
Alternatively, to probe the effect of different G-quadruplex
topologies, controlled by the same cation K+, on the ﬂuorescence
spectra, we studied the Giardia telomeric d(TAGGG)4 sequence
(Fig. 6). This sequence was shown to coexist in two G-quadruplexconformations (Fig. 6A0) in K+ solution (named Form 1 and Form 2),
and each form represents the major structure upon single-residue
modiﬁcation [44]. Substitution of G18 by an inosine favors Form 1,
which is a basket-type G-quadruplex containing two G-tetrads, a
G(A-G) triad and two AT base pairs. Deletion of A12 favors Form
2, which is a propeller-type parallel-stranded G-quadruplex. The
formation of these two G-quadruplex conformations was again
veriﬁed by NMR imino proton spectra (Fig. 6A00-C00). Temperature-
dependent ﬂuorescence spectra for the three sequences (natural,
Form 1 and Form 2) exhibited a similar extent of ﬂuorescence
changes in cooling and heating cycles (Fig. 6A–C). The spectra of
Fig. 7. (A) Absorption and (B) ﬂuorescence thermal difference spectra (TDS) upon 260-nm excitation of Z-DNA (red) and G-quadruplex DNA (black). Z-DNA is formed by the
d(CG)6 sequence in 4 M NaCl and G-quadruplex is formed by HT in 5 mM KCl. Absorption TDS [7] were obtained by subtracting the UV absorption spectrum at 20 C from that
at 90 C while ﬂuorescence TDS were obtained by subtracting the ﬂuorescence spectrum at 90 C from that at 20 C. The DNA concentration was 5  105 M per base in
ﬂuorescence and 8  105 M per base in absorption measurements.
3976 N.T. Dao et al. / FEBS Letters 585 (2011) 3969–3977Form 1 and Form 2 showed different ﬁne structures, with two
peaks at 325 and 340 nm for Form 1 (Fig. 6B), and only one peak
at 330 nm for Form 2 (Fig. 6C). This could reﬂect the base stacking
in the structure of the loops of Form 1. Spectral pattern of the nat-
ural sequence resembles to a weighted average between the spec-
tra of Form 1 and Form 2, consistent with this sequence forming a
mixture of the two conformations. Residual ﬂuorescence at high
temperatures was only observed for the natural and Form 1 se-
quences, but not for Form 2 sequence.
3.7. Distinction between Z-DNA and G-quadruplex formation
Thus, the intrinsic ﬂuorescence provides a method to identify
and follow the G-quadruplex formation complementing other
spectroscopic techniques [6–8,10]. For instance, since Z-DNA and
G-quadruplex DNA give similar UV-absorption TDS signals [7] at
the signature wavelength of 295 nm (Fig. 7A), the two structures
can be easily distinguished by their ﬂuorescence thermal differ-
ence spectra (Fig. 7B), as the increase in the 330-nm ﬂuorescence
signal due to G-quadruplex formation is signiﬁcantly higher than
that due to the formation of a Z-DNA duplex. It should be noted
that the DNA strand concentration used in the ﬂuorescence studies
here was only 2 lM, similar to those typically used for UV
absorption or CD spectroscopy.
4. Conclusions
Large increase in ﬂuorescence amplitude accompanied by paral-
lel absorption and ﬂuorescence excitation spectra and high revers-
ibility of temperature-dependent ﬂuorescence signals support the
notion that these are characteristic features of G-quadruplex struc-
tures. Thus, ﬂuorescence spectroscopy constitutes a method for the
identiﬁcation of G-quadruplex formation. Fluorescence spectros-
copy is shown to complement other spectroscopic techniques
and to provide independent information on speciﬁc NMR struc-
tures, as well as on the stability and polymorphism of G-
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